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Abstract
The electrochemically controlled anodic growth of binary cation-conducting layers in reactive low temperature plasmas is
Ž .studied model systems: AgCl and AgBr . A formal stability criterion comparing the electric field within the film and the
plasma is derived. It predicts either morphologically stable or unstable growth depending on the reaction temperature. The
experiments prove this stability criterion qualitatively. The experimental setup and results of our plasma electrochemical
growth experiments are presented. The idea to utilize low temperature plasmas as ‘fluid mixed conductors’ is discussed.
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The idea to apply plasmas as ‘gaseous elec-
trolytes’ is relatively old. First experiments with a
< <cell of the type Me air plasma aqueous AgNO -solu-3
w xtion were already performed in the 19th century 1 .
A reaction was performed directly at the surface of
the ion-conducting liquid electrolyte, leading either
to the deposition of a thin silver film or the release
of oxygen. These first plasma electrochemical exper-
iments have been long forgotten since, mainly due to
the missing applications in the fields of liquid elec-
trolytes.
Within the last two decades, the need for thin
films led to an enormous interest in plasma-assisted
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techniques, and thus, also a number of ion-conduct-
ing solid films have been prepared in experiments
w xcomparable to the approach by Gubkin 2–7 . How-
ever, in the vast majority of plasma-assisted tech-
niques—like PECVD or sputter-coating processes—
a more or less inert substrate is covered by a thin
film originating from precursors in the gas phase. An
electric substrate bias is generally not applied.
In the present study, cation conducting films are
produced by a different plasma electrochemical ap-
proach, which is depicted schematically in Fig. 1.
The solid electrolyte AX supplies cations Aq. Thesen
cations are transported through the electrolyte from
the anode metal A to the interface with the ionized
electronegative gas. The plasma supplies free elec-
trons, cations, anions and the electronegative neutral
component. At the plasmarelectrolyte interface, the
product is virtually formed from cations supplied by
Žthe solid electrolyte and from anions or neutral
.species and electrons supplied by the gaseous elec-
trolyte. Thus, the solid electrolyte is directly in-
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Ž .Fig. 1. RF-plasma reactor ICP for the oxidation of metals in reactive plasma. Inset: schematic representation of the plasma anodization
Ž .anodic DC-bias and the growth of a solid electrolyte in an inductively coupled plasma.
volved in the growth process as an electrochemically
active substrate. In a simple experiment, the metal A
is used as a starting material, forming the electrolyte
AX in situ. In other words, a plasma anodic oxida-n
tion of metal A is performed.
It is expected that the application of an external
electric field leads to a different kinetics of an
oxidation process if an ionic compound is formed
w x8 . The electronic and the ionic fluxes within the
growing compound film are decoupled by the flux of
electrons via the plasma, the Nernst–Planck coupling
that controls the parabolic thermal growth is replaced
by a more complicated dependence of the growth
rate on the electric current and on the chemical
driving force. For a systematic study of the kinetics
and the morphology of the growing cation-conduct-
ing films, we chose the well-studied silver halides
w x9–11 as model systems. The results of this experi-
mental study are summarized in the following.
2. Morphology of ‘plasma electrochemically’
grown films
The morphological stability of moving phase
boundaries has been discussed extensively by
w xSchmalzried 12 and is exemplified by a number of
different experiments by Martin and Schmalzried
w x Ž13 . In any case, the local driving force electric,
.chemical or temperature field has to be analyzed as
a function of the externally applied force in order to
discuss the morphological development. In the pre-
sent case, we regard the plasma as a mixed-conduct-
ing fluid, in which electronic conduction prevails.
The solid electrolyte is cation-conducting with ther-
mally activated charge carriers. In accordance with
Schmalzried, we simplify the stability criterion to the
following result, assuming homogeneous phases: If
the rate limiting flux points in the same direction as
the movement of the phase boundary, the phase
boundary should be morphologically stable. This
would be the case if the cation flux were rate-de-
termining. If the flux of electrons in the plasma rules
the kinetics of the growth process, the growing
product should try to short-circuit the plasma and the
Ž .growth becomes unstable Fig. 2 .
Our idea is to control the morphological develop-
ment of the product surface simply by the reaction
temperature. Since the plasma conductivity is much
less temperature-dependent than the conductivity of
the solid electrolyte, we should be able to change
Ž . Ž .from the condition s plasma )s electrolyte to
Ž . Ž .s plasma -s electrolyte . At low temperatures, the
phase boundary should grow stable and at higher
temperatures, it should become unstable during
growth. Of course, the morphology itself cannot be
predicted by a stability analysis.
This simple stability criterion represents only a
first-order approximation and should not be overem-
phasized. Whereas the assumption of a homogeneous
solid electrolyte phase is surely valid, the local con-
ductivity in a plasma is not constant, rather it is
strongly dependent on the local field and the plasma
conditions. Furthermore, sputtering effects by ion
bombardment have not been taken into account as a
side effect.
3. Experiments
3.1. Experimental setup
The self-constructed vacuum chamber for the ex-
periments is shown in Fig. 1. It consists of a silica
Ž .glass tube outer diameter 100 mm; length 250 mm ,
which is flange mounted by O-rings to aluminum
plates. The substrate holder can be either heated or
cooled and is grounded in the electrochemical exper-
iment. The second electrode on top consists of a
massive graphite cylinder. The bias is applied to the
graphite electrode relative to ground and can be
Žvaried between "210 V Keithley Sourcemeter
.2400 . The substrate can be heated up to 2008C using
Ža heating liquid. The RF generator Huttinger PFG¨
.300 RF is coupled inductively to the plasma. An
Žautomated system MKS 647B mass flow and pres-
Ž .Fig. 2. Limiting cases for the morphological development of a solid electrolyte film surface velocity Õ growing by plasma-anodic metalb
Ž .oxidation: The flux of the cations in AX follows the electrical field. If the conductivity of the solid electrolyte is higher lower than then
Ž .conductivity of the plasma, the solid phase grows morphologically unstable stable . t denotes different reaction times, and f denotes the
galvanic potential.
.sure programmer is used to control the gas flow and
the gas composition as well as the pressure. The
temperature is measured with an electrically insu-
lated thermocouple equipped with a protecting metal
sheath, which is plugged via a ferrite coil to a
Ž .Voltmeter Keithley DMM 2001 . The whole setup
is controlled by a PC.
The RF power coupled to the plasma controls the
ion density in the plasma and the geometrical exten-
sion of the plasma. The DC-Bias is used to control
the current across the electrolyterplasma interface.
The gas composition primarily determines the chem-
ical potential of the reactive component—a continu-
ous gas flux of about 5 sccm was maintained in
order to keep the gas composition constant.
3.2. Oxidation experiments
Polished silver plates with a diameter of 15 mm
were used as substrates. After the experiments, a
white product layer covered the substrates. The mor-
phology of the product layer showed a good lateral
uniformity. EDX- and X-ray diffraction give clear
Ž .Fig. 3. SEM micrographs of AgBr product layers grown in a mW-bromine plasma at different substrate temperatures a–d . The surface
morphology of the grown films depends on the substrate temperature.
evidence for polycrystalline silver chloride as the
only product.
4. Results and discussion
First plasma electrochemical experiments in our
laboratory have been performed in a DC-bromine
w xplasma 14 . Silver bromide was grown on single
crystalline silver chloride substrates. The new phase
grew dendrite-like but also other fragile morpholo-
gies were found. DC-plasma experiments are cheap
and require only minor equipment but suffer from a
serious disadvantage in respect to plasma electro-
chemical reactions. The substrate potential cannot be
controlled without influencing the plasma itself di-
rectly.
Consequently, the growth of AgBr via the oxida-
tion of silver was studied in a bromine microwave
Ž .mW plasma. As outlined above, the influence of the
substrate temperature on the product morphology
was examined primarily.
A main result is shown in the scanning electron
micrographs of the product layers in Fig. 3. The
product morphology is dependent on the substrate
temperature, Fig. 3a shows a layer grown at 3608C.
The product consists of grains with a fractal appear-
ing substructure. The average size of the grains
equals a few micrometers. An oxidation performed at
3208C shows a finger-like morphology, and the typi-
cal size of the structures is about three times larger
Ž .than those in the first picture see Fig. 3b . Further
decreasing the temperature, the morphology develop-
Ž .ment becomes almost stable 1608C, cf. Fig. 3c . The
average length of the disturbances equals now more
than 10 mm. Below 1608C, an almost flat and stable
Ž .morphology is obtained Fig. 3d .
Ž . ŽFig. 4. The voltage–current characteristics of a nitrogen RF-plasma at varying 5–100 W RF power electrode distance: 3.5 cm; anode
.diameter: 1.0 cm; room temperature .
Ž .In the present study, a radio-frequency RF
plasma is applied. It has typically a lower power
density than a mW-plasma but a better homogeneity
due to the long wavelength of the RF radiation. The
Ž .inductively coupled plasma ICP as applied here is
an electrodeless plasma, and thus, fulfills our re-
quirements for plasma electrochemical reactions.
4.1. Plasma characterization
Whereas the plasma bulk is quasi-neutral, there
are always distinctive space charge regions at the
walls of a reactor and at electrodes. If an external
voltage is applied, most of the voltage drop occurs in
the space charge regions at the electrodes.
A consequence of this well-known behavior is a
strongly non-linear voltage–current characteristics of
Ž .two electrodes immersed in a plasma Figs. 4 and 5 ,
w xcf. the behavior of Langmuir probes 15 . Due to the
different sizes of our electrodes, a ‘self-bias’ is
established. Symmetric voltage–current character-
istics resulted after modifications of the reactor ge-
ometry, i.e. primarily of the electrode areas.
The conductivity of a plasma also depends on the
chemical nature of the gas, which determines its
ionization properties. A chlorine gas shows a lower
conductivity than a N plasma at equal RF power,2
caused by a lower degree of ionization. Furthermore,
the electronegative gas traps electrons and forms
negative ions. This reduces the electron density and
correspondingly the conductivity.
4.2. The growth kinetics
The growth rate was measured at constant RF
power and different DC-bias within the range "210
ŽFig. 5. The voltage–current characteristics of a Cl RF-plasma at different gas pressures electrode distance: 3.5 cm; anode diameter: 10 cm;2
.room temperature .
V. After each experiment, the mass change of the
substrate was measured, and the mean thickness of
the product layer was calculated on the basis of
Ž .simple geometric assumptions Fig. 6 . After 1 h of
reaction time, a film thickness up to 40 mm was
found, whereas in a standard thermal oxidation an
AgCl layer thickness of much less than 1 mm is
typically found. The voltage dependence is straight-
forward: at anodic potentials, the oxidation rate in-
creases linearly with the applied voltage. Applying
cathodic potentials, one expects the impact of posi-
tive ions on the surface. This could lead to a sputter-
ing of the surface and a corresponding decrease of
the weight of the substrates. However, no significant
Žweight loss occurred within 1 h. The diagram Fig.
.6 can also be interpreted on the basis of the volt-
age–current characteristics in Fig. 5. The observed
oxidation rate is a direct consequence of the anodic
current.
In Fig. 7, the electric charge flown during the
growth experiment is plotted versus the mass change
of the different samples. A linear relation is ob-
tained, but the electrochemical yield of the reaction
equals only half of the expected yield corresponding
to Faraday’s law. Two explanations for this discrep-
ancy are possible: either half of the produced film is
simultaneously removed by anion sputtering, or leak-
age currents due to imperfect insulation of the Alu-
minum sample holder is responsible.
4.3. Surface morphology of the product layer
The surface morphology of silver chloride films
grown at different temperatures in a RF plasma are
shown in Fig. 8 by SEM pictures with two different
magnifications. The films grown at 508C show an
almost planar and regular surface. Silver chloride
hillocks can be seen on the surface. At 1008C, a
Fig. 6. Mass increase of silver substrates due to the growth of AgCl in a pure chlorine RF-plasma at different DC-bias after 1 h of reaction
time.
Fig. 7. Mass increase of silver substrates in a chlorine RF-plasma versus the flown charge, cf. Fig. 8.
completely different morphology appears. The silver
chloride crystals grow in a needle-like form. In the
right picture, which was taken under an angle of
458C, it can be seen that the growth of these needles
occurs in domains. At higher temperatures, the mor-
phology of the films becomes even more fragile,
showing fan-like structures.
Of major importance for the plasma properties is
the geometry of the plasma chamber. Small changes
of the reactor geometry influence the plasma and the
local electric potential severely. Thus, also the sur-
face morphology of the product layer is extremely
sensitive to the reactor geometry. The appearance
and properties of the plasma depends not only on the
well controllable boundary conditions, but also on
the treatment of the reactor walls and the exact
geometry of the experimental setup. The surface
morphology changes on slight variations of these
parameters and an exact reproduction of specific
morphologies is not yet possible.
5. Conclusions
The plasma electrochemical growth of cation-con-
ducting AgCl on Ag has been performed under
well-defined thermodynamic conditions in a chlorine
RF plasma. We have proven that the growth kinetics
can be controlled with electrochemical methods. A
linear dependence of the growth rate on the electric
current across the plasma electrochemical cell
< < <Ag AgCl Cl -plasma C is found. However, signifi-2
cant anodic sputter effect seem to occur.
Extremely different morphologies have been pro-
duced. The scale of morphologies ranged from stable
Ž . Ž . Ž .Fig. 8. Surface morphology of product layers grown at different temperatures SEM . The films were prepared at 508C a,b , 1008C c,d and
Ž .1608C e,f . The plasma was excited with a RF power of 50 W, ps1.00 mbar, U s65 V. The reaction was performed for 1 h. Picturesbias
Ž . Ž .a,c,e were taken with a magnification of 1000. The pictures b,d,f were taken under an angle of 458 with a magnification of 5000.
flat surfaces to needle-like and dendritic structures.
The temperature dependence of the morphological
development has been proven qualitatively. Never-
theless, there are still problems to be solved. Since
the plasma is far from thermodynamic equilibrium,
its behavior is extremely non-linear. This probably
causes the sensitivity of the surface morphology to
Ž .slight variations of the geometric boundary condi-
tions. Thus, so far this study represents a promising
step towards a systematic understanding of the kinet-
ics of metal oxidation in a plasma and of the mor-
phological development of the resulting product lay-
ers.
Acknowledgements
ŽThis study was funded by the DFG German
.Science Foundations within the national research
program ‘Reactivity of Solids’. Financial support of
Ž .the Fonds der Chemischen Industrie FCI is also
gratefully acknowledged. We thank T. Plaggenborg
for carrying out the mW-plasma experiments.
References
w x1 J. Gubkin, Elektrolytische Metallabscheidung an der freien
Ž .Oberflache einer Salzlosung, Ann. Phys. Chem. N.F. 32 9¨ ¨
Ž .1887 114.
w x2 N. Bellakhal, K. Draou, B.G. Cheron, J.L. Brisset, Copper
oxide formation by low pressure RF oxygen plasma, Mater.
Ž .Sci. Eng., B 41 1997 206–216.
w x3 A.J. Choksi, R. Lal, A.N. Chandorkar, Growth kinetics of
silicon dioxide on silicon in an inductively coupled rf plasma
Ž . Ž .at constant anodization currents, J. Appl. Phys. 72 4 1992
1550–1557.
w x4 K. Draou, N. Bellakhal, B.G. Cheron, J.L. Brisset, Prepara-
tion of zinc oxide films by oxygen plasma treatment of zinc
Ž .foils, Mater. Chem. Phys. 51 1997 142–146.
w x5 Z. Ogumi, Y. Uchimoto, Z.-I. Takehara, Electrochemistry
Ž . Ž .using plasma, Adv. Mater. 7 3 1995 323–325.
w x6 Y. Uchimoto, T. Okada, Z. Ogumi, Z.-I. Takehara, Vapour
phase electrolytic deposition: a novel method of preparation
of orientated thin films, J. Chem. Soc., Chem. Commun.
Ž .1994 585–586.
w x7 S. Gourrier, M. Bacal, Review of oxide formation in a
Ž . Ž .plasma, Plasma Chem. Plasma Process. 1 3 1981 217–232.
w x8 P.J. Jorgensen, Effect of an electric field on the oxidation of
Ž .zinc, J. Electrochem. Soc. 110 1963 461–462.
w x9 A. Laskar, Defect properties and diffusion in silver halides,
Ž . Ž .Philos. Mag. A 64 5 1991 1043–1057.
w x10 R.J. Friauf, Ionic transport processes in AgCl and AgBr, in:
Ž .A. Balderschi, W. Czaja, E. Tosatti, M. Tosi Eds. , The
Physics of Latent Image Formation in Silver Halides, World
Scientific, Singapore, 1984.
w x11 J. Corish, P.W.M. Jacobs, Ionic conductivity of silver chlo-
Ž .ride single crystals, J. Phys. Chem. Solids 33 1972 1799–
1818.
w x12 H. Schmalzried, Chemical Kinetics of Solids, Wiley-VCH,
Weinheim, 1995.
w x13 M. Martin, H. Schmalzried, Cobaltous oxide in a potential
gradient: morphological stability of the phase boundaries,
Ž .Ber. Bunsen-Ges.: Phys. Chem. 89 1985 124–130.
w x14 C. Rosenkranz, J. Janek, Plasma-electrochemical growth of
Ž .AgBr layers on AgCl substrates, J. Phys. Chem. B 101 31
Ž .1997 5909–5912.
w x15 B. Chapman, Glow Discharge Processes, Wiley, New York,
1980.
